ABSTRACT The nucleotide sequence of v-rel, the oncogene carried by reticuloendotheliosis virus (REV), has been determined. The defective transforming genome REV arose through the insertion of v-rel (1,415 nucleotides) into the env gene of the helper virus REV-A. The predicted rel protein (503 amino acids) employs the REV-A enm initiator and terminates within the p2OE region of env. Because there are no natural antisera that detect the REV transforming protein, this nucleotide sequence provides the first step toward its isolation and characterization. The predicted protein is clearly distinct from all other reported transforming proteins but may be very distantly related to members of the arc family.
Reticuloendotheliosis virus (REV), a type C retrovirus, causes acute leukemia in young chickens. The virus is a complex of a replication-competent helper virus called REV-A and a replication defective genome called REV, which is responsible for transformation (1) . REV proviral DNA contains some sequences found in the helper virus, including long terminal repeats (LTRs) and parts of the gag, pol, and env genes, but it also contains an additional segment of about 1.5 kilobases (kb) not found in REV-A (2) (3) (4) (5) (6) . This segment, termed v-rel, is the presumptive onc gene of the virus. Like the other known onc genes, v-rel appears to have been derived from a normal cellular gene, for related sequences have been found in DNA from uninfected avian species (5) (6) (7) (8) (9) . How v-rel relates to the other onc genes has been unclear. No hybridization has been detected between REV and nucleic acids of other oncogenic viruses (refs. 5 and 8; M. Shibuya and H. Hanafusa, personal communication), and because to date there has been no antiserum that detects the v-rel protein (10, 11) , its relatedness to other transforming proteins has been unknown. We report here the complete DNA sequence of v-rel. The protein predicted from this sequence is clearly distinct from all of the transforming proteins published to date but does appear to be very distantly related to members of the src family.
MATERIALS AND METHODS
The cloning of Sac I fragments of REV and REV-A proviral DNA into AgtWES-AB has been described (6) . For the purpose of sequence analysis various subclones of these DNA fragments were constructed in pBR322 or pUC8 (or both), both of which have been modified to include a Sac I site. A Charon 4A clone of REV-T (5) was a gift of I. Chen. Its internal 0.88-kb EcoRI fragment was subcloned into pBR322 and was used to confirm the sequence across the Sac I sites within v-rel.
Restriction fragments of DNA were labeled at their 3' ter-
RESULTS AND DISCUSSION
Nucleotide Sequence of v-rel. The nucleotide sequence of v-rel and adjoining regions of REV-A-related proviral DNA is shown in Fig. 2 (16, 17) also terminate within env, but the proteins specified by v-mos, v-sis,-v-fes, v-fps, and v-myc are all predicted to terminate within the transforming region itself (18) (19) (20) (21) (22) . One possible explanation of the arrangement found in REV is that the c-rel gene that was inserted into REV-A was incomplete, lacking its 3' terminus and hence its usual terminator. This is consistent with the recent finding of sequences toward the 3' end of c-rel that do not hybridize with v-rel (9) .
Downstream from the 5' terminus of v-rel, there is no ATG codon within the open reading frame for almost 800 nucleotides. However, there is an in-frame ATG immediately upstream from v-rel, within REV-A-derived sequences. Furthermore, the sequence surrounding this codon, A-G-A-A-T-G-G, agrees with that of the consensus initiator A-N-N-A-T-G-G (23 antisera raised against two synthetic peptides (amino acid residues 22-33 and 96-108 in Fig. 2 ). Both antisera precipitate a protein of apparent Mr of 64,000 from nonproducer transformed cells but not from uninfected chicken embryo fibroblasts (unpublished data).
The Predicted rel Protein. The DNA sequence predicts a protein of 503 amino acid residues, whose combined Mrs total 55,915. Notable features of the amino acid composition are elevated levels of serine, proline, and glutamine (>30% higher than that of the average protein) and depressed levels of alanine, cysteine, and tryptophan (at least 30% lower than average). Proline and serine levels stand out in particular. The total proline content is predicted to be 8.7%, more than 60% higher than average. Most of these prolines are found in the 179-residue segment between amino acids 255 and 433, where the proline content totals 14.5%. Total serine content is 9.3%, about 30% higher than average, and these residues are even more highly clustered than are the prolines. Approximately threefourths of the 47 total serine residues are in the COOH-terminal half of the molecule, and a 97-residue segment between amino acids 385 and 481 contains 23 serines, for a content of 24%.
About 10% of the residues are acidic and 13% are basic, which are values close to average. The very low level of these charged residues in the COOH-terminal 140 amino acids results in the moderate hydrophobicity of the chain in this region, as shown in Fig. 3B (26, 27) . REV-A also has a Thr-Ala doublet at this position (arrow 
Relatedness of v-rel and v-Sr. Segments of the predicted rel protein were compared with segments of v-src (30) by using the ALIGN program with the mutation data matrix, a matrix bias of 6, and a gap penalty of 6 (31) . A.S. = alignment score. Replacing the 12 COOH-terminal amino acids of v-Sr with the 19 COOH-terminal residues of c-Sr (32) extends the length of segment e and raises its score to 4.0 SD. Alignment over the entire region containing c + d + e then yields a score of 3.6 SD (probability of chance occurrence < 2 x 10-4). The amino acid sequence in segments a-e is shown below, and corresponding sequences from v-fes (20) , v-fps (21) , v-mos (18) and the catalytic chain of the cAMP-dependent bovine protein kinase (33, 34) M-MuLV pol product. Farther upstream the homology between the two is even more striking (unpublished data), leaving little doubt that these are equivalent regions in the two genomes. That this ATG is REV-A's env initiator is revealed by inspection of the REV-A DNA sequence and comparison with that of M-MuLV. In M-MuLV a 33-amino acid signal peptide containing a highly hydrophobic region is cleaved from the envelope precursor at a Thr-Ala linkage (26, 27) . In REV-A there is a Thr-Ala doublet at position [33] [34] , and the sequence between the methionine and this doublet contains 11 consecutive hydrophobic amino acids. Therefore, we conclude that v-rel has been inserted into REV-A just 37 nucleotides downstream from the start of the env gene and that the rel protein thus begins with 12 amino acids of the REV-A envelope gene product. This is exactly the same arrangement as seen with the insertion of v-mos into M-MuLV, except that in that case only five amino acids of the env gene product are present (18) .
Initiation of translation of almost all of the v-onc gene products of the defective transforming viruses occurs at an ATG located in helper-derived sequences. Some of these products are gag-onc fusion proteins, whereas others such as v-rel, v-mos (18) , and v-sis (19) contain several amino acids of env. A simple interpretation of these findings is that transduction of each of the c-oncs omitted the 5'-most region of the respective genes, including the normal initiator. It is not known whether this denotes a requirement of a helper-derived protein fragment for transforming activity or simply reflects the low frequency at which the entire c-onc could be inserted in a position that would allow self-initiation. Alternatively, perhaps it is only when its 5'-most region (exon?) is missing that the resultant v-onc has transforming ability. env sequences are also found at the 3' end of v-rel, as shown in Fig. 4B . In REV-A, sequences coding for p2OE were easily identifiable based on amino acid sequence data for purified REV (20, 21) ; v-src and v-mos show about 25% identities over the 374-amino acid length of v-mos (18) ; and v-src and the catalytic chain of the bovine protein kinase exhibit about 25% identities over a 166-amino acid span (33, 34) . Although src and rel exhibit almost 30% identities in the segments shown in Fig. 5 , homology over the region encompassing all of these segments is only about 20% of rel's residues. The long areas of apparently unrelated sequence and the necessity of introducing gaps within the apparently related areas result in neither RELATE nor ALIGN assigning a significant score to this latter comparison. In contrast, the alignment score between v-src and the bovine protein kinase over a 166-amino acid length is about 9 (probability of chance occurrence = 10-19) (34). Thus, we are unable to say whether the observed similarities between v-rel and members of the v-src family are merely fortuitous or whether they represent a distant relatedness reflecting descent from a common ancestor. Detection and isolation of the rel protein, rendered possible by knowledge of v-rers DNA sequence, should reveal whether there are functional similarities between the rel and src proteins.
